The extreme Western Australia 2011 marine heatwave had a lasting effect on the marine ecosystem and after 7 years, only parts of the ecosystem have showed good signs of recovery. After the heatwave, scallop fisheries in the Abrolhos Is. and Shark Bay were closed for 3-5 years, while the Shark Bay crab fishery was closed for 18 months; these fisheries at the center of the heatwave have shown some improvement due to better protection of spawning stock and improved environmental conditions. Also at the center of the heatwave, Roe's abalone suffered a catastrophic mortality and has not recovered as spawning stock remains very low. The Perth abalone stock which was outside the peak heatwave area had a major stock reduction but remained opened with reduced catches. The heatwave had a marked indirect effect on brown tiger prawns in Exmouth Gulf due to loss of seagrass habitat. The heatwave also resulted in a decline in western king prawn recruitment in Exmouth Gulf, to the north of heatwave center, but an improved recruitment in the cooler waters of Shark Bay. Western rock lobsters near the heatwave peak also appear to have been indirectly affected and have not recovered. Factors influencing the recovery rate from the heatwave appeared to be: species near their upper temperature range and/or sensitive to warming temperatures; spatial overlap between the warming event and species distribution; whether spawning stock was affected to the point of recruitment impairment; life-cycle duration of invertebrate (or habitat) species affected; and management intervention. This study provides a framework for managing the consequences of heatwaves on fisheries by highlighting the value of early identification of the event and its effect on fisheries and having flexible harvest strategies for early management intervention. This is particularly important as long-term increases in water temperatures will increase the frequency of marine heatwave events and the fisheries stocks would have less time for recovery.
INTRODUCTION
Environmental factors are important drivers of fisheries recruitment variation and they have become increasingly important under climate change, with more frequent episodic extreme climatic events occurring such as marine heatwaves. Hobday et al. (2016a) define a heatwave event as a prolonged discrete warm-water event that can be described by its duration, intensity, rate of evolution and spatial extent. An extreme marine heatwave in the austral summer of 2010/2011 affected 2000 km of coastline in the mid-west of Western Australia (WA) with warming anomalies of 2-4 • C (Pearce and Feng, 2013; Wernberg et al., 2013; Benthuysen et al., 2014 ; Figure 1A ). The marine heatwave was followed by 2 years of above-average summer water temperatures ( Figure 1A ). This region of WA is also a hotspot of long-term water temperature increases (Pearce and Feng, 2007) , having been classified as one of the 24 global hotspots of temperature rise (Hobday and Pecl, 2013) . Hobday et al. (2018) classified the 2011 WA event at their highest "Category IV level (extreme)." They also identified another heatwave in the same region in 1999, which was classified as Category III (severe).
The 2011 heatwave had some major short and long-term effects on the marine ecosystem such as a reduction in abundance of habitat-forming seaweeds, a subsequent shift in community structure and a southward distribution shift in tropical finfish communities (Wernberg et al., 2013; Lenanton et al., 2017) . Seagrasses in Shark Bay (Fraser et al., 2014) and Exmouth Gulf were also significantly negatively affected by the heatwave (McMahon et al., 2017 ) with a 58% loss of the main seagrass species (Amphibolis antarctica) cover in Shark Bay (Thomson et al., 2015) . Coral bleaching followed by high mortality was recorded in areas of Ningaloo and Abrolhos Is. (Depczynski et al., 2012 ). An assessment 4 years after the heatwave showed a 43% loss of kelp forests with a 100 km range contraction of extensive kelp forests, forcing a regime shift to seaweed turfs (Wernberg et al., 2016) . They also saw temperate species replaced by seaweeds, invertebrates, corals, and fish characteristic of subtropical and tropical waters which altered key ecological processes. Smale et al. (2017) noted a major reduction of all benthic macroinvertebrates in Kalbarri near the center of the heatwave after 4 years. These ecological studies are valuable in providing an overview of the effect of the heatwave on the ecosystem, however, they may not be undertaken on a systematic basis in the long term compared to some fisheries surveys that occur annually to enable an assessment of the stock and the setting of management parameters . Fisheries data can be valuable in understanding the effect of the heatwave on stocks and comparing it to the annual variation experienced prior to the heatwave under typical environmental variation and fishing intensities, and assessing the rate of recovery of the stocks after a heatwave event.
Off the WA coast, subtropical regions (including the lower west coast) are more susceptible to marine heatwaves during La Niña events and these have contributed to 1999 and 2011 events, whereas tropical regions are more susceptible to marine heatwaves during El Niño events (Zhang et al., 2017) . Water temperatures off the west coast of Australia have declined in subsequent years after the consecutive marine heatwave events during [2011] [2012] [2013] (Figures 1A, 2A) . Cooler water temperature anomalies have been observed off the lower west coast in the 2015/2016 summer ( Figures 1A, 2A) during the onset of a strong El Niño event.
Western Australia is one of several regions affected by marine heatwaves in recent years (Hobday et al., 2016a ) with southeast Australia being one the latest regions affected in 2015/2016 Schaeffer and Roughan, 2017) with this event referred to as Tasman Sea, Australia 2015-Category II (strong) heatwave by Hobday et al. (2018) . This latter event affected invertebrate fisheries of Pacific oysters and blacklip abalone, the aquaculture of Atlantic salmon, with intrusions of fish normally seen in warmer waters further north. Other events around the world in recent years include (a) the Mediterranean Sea 1999 event (Category I moderate) with a large-scale mass mortality of benthic species in the summer of 1999 (Cerrano et al., 2000) and also in 2003 (Category II strong) when macroinvertebrate species were affected (Garrabou et al., 2009); the Northwest Atlantic 2012 event (Category II) resulting in a major impact on coastal ecosystems and economies, with a significant effect on the American lobster (Mills et al., 2013) ; (c) the Northeast Pacific blob 2015 event (Category III severe) resulted in an unprecedented warming event in 2014-2016 (Bond et al., 2015; Cavole et al., 2016) resulting in harmful algal bloom which caused the closure of valuable shellfish fisheries (Di Lorenzo and Mantua, 2016) ; and (d) declines in coral cover, due to coral bleaching were observed resulting from the Great Barrier Reef 2016 event (Category II) on the east coast of Australia due to extreme temperatures (Hughes et al., 2017) . Some common features of many of these marine heatwave events appear to be a major effect on habitat structures (Wernberg et al., 2013) and sessile or slow-moving invertebrates and the movement of species from warmer waters into the affected area (Smale et al., 2019) .
Under the present warming trend influenced by anthropogenic forcing, these extreme events are expected to become more frequent with an estimated increase in global average frequency and duration of 34 and 17%, respectively, since 1925 . Frölicher and Laufkötter (2018) highlighted the large increase in marine heatwave events as a result of moderate long-term increase in mean sea surface temperature (SST) and Schlegel et al. (2017) identified the effect of aseasonal variability in wind and current patterns. Therefore it is important to assess the effects of these extreme events on the ecosystem and commercial and recreational fisheries stocks that are affected. As some parts of the ecosystem have not yet recovered to date or may be suffering a permanent change (Wernberg et al., 2016; Smale et al., 2017) , the question remained as to whether the invertebrate fisheries stocks affected by the heatwave would ever fully recover given the very low abundance (99% decline in some cases) observed in the years after the heatwave.
There has been a high commercial cost to a number of invertebrate fisheries which have been affected by a series of low recruitment . Therefore it is important FIGURE 1 | (A) February-March (peak summer months) and (B) August-September (peak winter months) average sea surface temperature anomalies in 2010-2017, relative to the long-term mean temperature during 1981-2017. to examine how these stocks have fared in the 7 years since the heatwave, the extent of their recovery, and the reasons for the different timing of recovery. The invertebrate stocks examined include scallops, blue swimmer crabs, Roe's abalone, western king and brown tiger prawns and western rock lobsters (Figure 3) . This study also provided a framework for assessment and management responses to marine heatwave impacts on fisheries in other regions by highlighting the value of early identification of the extreme event and its effect on fishery stocks and having flexible harvest strategies for early management intervention.
MATERIALS AND METHODS

Marine Environment
The NOAA OIv2 SST data from 1981 to 2017 at 1/4 degree (∼28 km) resolution (Reynolds et al., 2007) were used to calculate monthly anomalies for each grid point relative to 1981-2017 and these are assessed for the austral summer (February-March) and winter (August-September). Smale and Wernberg (2009) have shown that satellite SST data can be reliably used to monitor water temperatures.
Effect of Heatwave on Invertebrate Stocks
The commercial and recreational invertebrate stocks selected for assessment of recovery from the heatwave event were those that overlapped the area of the heatwave and had been identified as being affected by the heatwave . The stocks examined with their annual fisheries recruitment abundance indices were: (a) Shark Bay crabs: annual November fisheryindependent trawl survey legal-size abundance (Chandrapavan et al., 2018) ; (b) Shark Bay scallops: juvenile recruit (0 +) and adult (1 +) catch rates from the November trawl survey (Kangas et al., 2012) ; (c) Abrolhos Is. scallops: juvenile recruit catch rates (∼1-year-old) in an annual November trawl survey; (d) Exmouth Gulf and Shark Bay: western king and brown tiger prawn: juvenile recruit (0 +) trawl catch rates in March-April surveys (Kangas et al., 2015a,b) ; (e) Perth metropolitan area Roe's abalone: dive survey abundance of 1 + juveniles in FebruaryMarch (Hart et al., 2013 (Hart et al., , 2017 ; and (f) western rock lobster in the Kalbarri and Jurien region: fishery-independent puerulus (0 +) monitoring and undersize (3 and 4 +) abundance from commercial monitoring (de Lestang et al., 2016) . The effect of the heatwave on the recruitment abundance of the various invertebrate stocks is assessed by comparing the lowest (and highest) recruitment level post heatwave to the average abundance in the 5 years (2006) (2007) (2008) (2009) (2010) before the heatwave. The ratio of lowest (and highest) recruitment abundance post heatwave to the pre-heatwave average abundance is calculated as a measure of the maximum effect of the heatwave on the stocks and the level of recovery in the 7 years since the event.
For the western rock lobster fishery, the relationship between puerulus settlement and undersize abundance 3-4 years later for the period before the heatwave was used to project the expected undersize abundance post-heatwave to assess the effect of the heatwave during the puerulus to undersize (juvenile) phase of the life cycle.
The duration of the effect of the heatwave on the invertebrate stocks in Western Australia is classified as (1) short-term (<2 year) changes such as localized fish kills, increased or decreased recruitment abundance for 1-2 years; (2) longer-term (3-7 year) changes with "recovery" occurring after a few years; and (3) no recovery to date (> 7 years) with possible "permanent" changes on fisheries.
The factors examined which may have affected the rate of recovery include: (a) species near their upper temperature range; (b) species sensitivity to warming temperatures; (c) spatial overlap between the warming event and the species distribution; (d) whether spawning stock was affected to the point of recruitment impairment; (e) life-cycle duration of the invertebrate species affected; (f) changes to habitat/ecological structures and species' recruitment relationship with that structure; and (g) management action undertaken.
RESULTS
Marine Environment
The austral summer SSTs off the west coast of Australia highlighted the strength of the 2011 Western Australian marine heatwave (Figures 1A, 2A 
Shark Bay and Abrolhos Is. Scallops
The key scallop (Ylistrum balloti) trawl fisheries in Western Australia are based in Shark Bay which consists of two separate stocks, northern Shark Bay and Denham Sound (Kangas et al., 2012) , and at the Abrolhos Islands. The annual trawl survey has been used for catch prediction in the following season for these fisheries (Joll and Caputi, 1995; Caputi et al., 2014) .
Since 2015 these surveys have been used for the setting of the total allowable catch (TAC) in Shark Bay as the management of the fishery has moved from effort controls to individual transferable quota (ITQ).
Scallop recruitment abundance (and subsequent catch) fluctuates markedly between years and is strongly influenced by water temperature prior to and during the peak spawning period (e.g., r = −0.46, p < 0.01 for northern Shark Bay, r = −0.39, p = 0.03 for Denham Sound, and r = −0.84, p < 0.001 for Abrolhos Is. (Caputi et al., 2015) . High water temperatures (associated with La Niña and strong Leeuwin Current) always result in poor recruitment (Joll and Caputi, 1995; Lenanton et al., 2009 ) while below-average temperatures are required for good recruitment although this is not always guaranteed . Hence the effect of the 2011 heatwave and the subsequent years of above-average SST resulted in a series of record-low 0 + recruit abundances during 2011-2013 for both stocks in Shark Bay (Figure 4) , particularly in northern Shark Bay which declined 2-3 orders of magnitude resulting in < 1% of the pre-heatwave abundance ( Table 1) . This resulted in early management intervention with industry's support that resulted in the Shark Bay scallop fishery being closed in 2012-2014 to maximize the protection of the spawning stock.
The series of years with low scallop recruitment abundance also meant that the spawning stock was reduced to historic low levels during 2012-2014 in both Shark Bay and the Abrolhos Islands and this is one of the key reasons that delayed the recovery of this stock ( Table 2) . Surveys of the Abrolhos Islands stock, for example, achieved an average catch rate of 0.4 scallops per nautical mile of trawling in 2012 and 2013 compared to 1000's of scallops per nautical mile before the heatwave ( Figure 5 ). There were strong concerns at the time about the ability of these stocks to recover from these very low abundance levels, with the Abrolhos Islands remaining closed for 5 years between 2012 and 2016.
There have been previous periods of low scallop recruitment abundance in northern Shark Bay that were associated with periods of above-average SST such as the late 1980s and late 1990s (Joll and Caputi, 1995; Lenanton et al., 2009 ). However, the survey catch rate in these periods remained at 100's of scallops per nautical mile and were an order of magnitude higher than the survey catch rates experienced after the heatwave that declined to two scallops per nautical mile in the 2013 survey ( Figure 4A and Table 1 ).
The stock-recruitment-environment relationship showed that the spawning stock from 2012 to 2014 was in a declining trend so that the 0 + recruitment abundances in these years were influenced by historic-low spawning stock as well as aboveaverage SST . Environmental conditions improved in 2014 with cooler SSTs (Figure 2 ) resulting in an improved recruitment abundance, particularly in Denham Sound, and a modest total allowable catch (TAC) was put in place for the Shark Bay fishery in 2015 as the fishery was moved from effort controls to quota management. The improved spawning stock for 2015 combined with cooler SSTs during the 2014/2015 summer resulted in an improved recruit 0 + abundance in the November 2015 survey ( Figure 4B ). Both stocks in Shark Bay showed continued improvement in 2016, with the total abundance returning within the pre-heatwave historic range in northern Shark Bay and particularly in Denham Sound which achieved its second highest recruitment in 34 years ( Figure 4 and Table 1 ). The Denham Sound stock is now assessed as recovered based on survey abundance. However, there are strong concerns about the productivity within northern Shark Bay with the 2018 scallop survey abundance again declining to very low levels ( Figure 4A) .
The Abrolhos Islands scallop stock had a more protracted downturn compared to Shark Bay that commenced with poor recruitment of the 1 + scallops in the November 2011 survey and low recruitment abundance continuing for 5 years ( Figure 5 ) with the fishery being closed during 2012-2016. This low The ratios of the lowest and highest recruitment abundance index post heatwave to the pre-heatwave average abundance and the years of low and high post-heatwave abundances are indicated (NA, not applicable). They include the age to legal size, the location of the stock relative to the heatwave location, whether the habitat and spawning stock changes have affected the recovery, whether the stock is at the upper end of its SST range and whether there was a known relationship between SST and the recruitment abundance, management response and the duration of the heatwave effect.
recruitment resulted from the negative effect of a series of warm SSTs and the subsequent decline in spawning stock to very low levels that also slowed the recovery. The stock declined to less than 1% of its pre-heatwave abundance (Table 1 and Figure 5 ). There was a marked improvement in the recruitment abundance in 2016 to 25% of the pre-heatwave abundance (Table 1 and Figure 5 ) as a result of summer water temperatures returning to average conditions in 2014-2016 (Figure 2A) . The improved 2016 survey recruitment abundance enabled a modest level of fishing in 2017 with 125 t of meat weight landed in the Abrolhos Islands fishery (Figure 5 ) which has remained under effort controls. The 2017 survey showed the distribution of recovery was spread wider than in 2016 which was concentrated in southern part of the fishery.
Shark Bay Crabs
The blue swimmer crab (Portunus armatus) stock in Shark Bay was at record-low levels in late 2011 after the summer heatwave event with poor commercial trap catch rates and low fishery-independent trawl survey catch rates in November 2011 (Chandrapavan et al., in review) which showed that catch rates had declined to 2% of the pre-heatwave abundance (Table 1 and Figure 6 ). The fishery was closed for 18 months (April 2012 to October 2013) to protect the breeding stock and allow the stocks to recover. Additional trawl surveys were undertaken to monitor the status of the spawning stock and recruitment abundance to assess the stock recovery rate (Chandrapavan et al., 2018) . Caputi et al. (2016) identified a significant correlation between legal-size commercial catch rate and the SST in the summer period during the juvenile phase (r = −0.76, p < 0.01). The catch rates of legal crabs (1 + cohort) during the November survey were also negatively correlated (r = −0.85, p < 0.01) with SSTs during the previous summer (December-January) (Chandrapavan et al., in review) . These assessments indicated that the cause of the low abundance in 2011/2012 was mainly due to the heatwave in the summer of 2010/2011. While there was a reduction in the spawning stock in 2011 and 2012 to historic low levels, its effect on the recruitment is confounded by high summer SST in the same year. Fishery-independent surveys showed only a partial improvement in crab legal-size catch rate in 2013 (Figure 6 ) as the summer SST in 2011/2012 and 2012/2013 remained aboveaverage, but lower than the peak in 2010/2011 (Figure 2) . Therefore the fishery was opened in 2013/2014 with a nominal catch quota of 400 t that was much lower than the pre-heatwave catches of 700-800 t that were achieved with the fishery under effort controls with no TAC in place (Figure 6) . Monitoring of the stock by fishery-independent surveys and commercial catch rates indicated a steady improvement over 2014-2017 in the crab stocks ( Figure 6 ) and an increase in quota since the heatwave from 400 to 550 t for the 2017/2018 season with the fishery assessed as fully recovered with the legal-size abundance in 2017 being 21% higher than the pre-heatwave abundance ( Table 1) .
Perth Metropolitan Area and Mid-West Coast Roe's Abalone
The first major impact of the heatwave on invertebrate stocks was the catastrophic mortality of over 99% of Roe's abalone (Haliotis roei) in the mid-west region (Hart, 2014) . This fish kill of Roe's abalone as well as other fish stocks probably occurred due to a combination of record-high water temperatures and very calm conditions in late February/early March 2011 (Pearce et al., 2011) which may have resulted in deoxygenation of the water. This midwest stock is at the northern end of its latitudinal range where SSTs are typically warmer than the other locations where the stock occurs. For example, the mid-west would be warmer than the lower west coast by about 1-2 • C and south coast by 2-3 • C. It was also near the area where the heatwave was most intense ( Figure 1A) . The high mortality has affected the spawning stock and made the natural recovery of this stock problematic with no evidence of any stock recovery ( Table 2) . Therefore restocking is being evaluated based on translocation and the release of hatchery-grown abalone (Strain et al., 2019) . In the Perth metropolitan Roe's abalone fishery, which is south of the area where the heatwave peaked, major mortalities were not observed. However, there was a 30% drop in numbers of the sub-legal cohort growing into the legal-size class (Hart et al., 2018) . The fishery has undergone a marked drop in commercial and recreational catches from 85 t in 2009 to 45 t in 2012 as a result of catch quota reductions to increase protection to the spawning stock. The Perth stock has also seen a reduction in 1 + juveniles to record-low levels during 2012-2016 to 21% of the pre-heatwave abundance from the annual dive survey (Figure 7 and Table 1 ). Record-low juvenile abundance was also observed within a marine protected area adjacent to the fishery (Figure 7) where no fishing occurred which indicated that environmental conditions were the primary cause of the low abundance after the heatwave. The spawning stock in this fishery has also moved to record-low levels since the heatwave and this may be contributing to the delay in the recovery of the juvenile abundance (Hart et al., 2018) . There was an improvement in the 1 + juvenile abundance in 2017 (Figure 7) to 47% of the pre-heatwave abundance (Figure 7 and Table 1 ) which is probably due to the reduced SST in 2015 (Figure 2) . The low juvenile abundances may maintain legal-size catch rates at relatively low levels in the subsequent years (2018-2020) as these 1 + juveniles take about 4 years to reach legal size. However, the abundance of legal-size abalone is also negatively related by the water temperature during the juvenile to legal-size phase of the life cycle (Hart et al., 2018) . Therefore the legal-size abundance will benefit from the cooler temperatures since 2015.
Exmouth Gulf and Shark Bay Brown Tiger and Western King Prawns
The brown tiger prawns (Penaeus esculentus) in Exmouth Gulf had an above-average recruitment abundance in March-April 2011 following the heatwave peak in February 2011 so that there did not appear to be any direct impact of the heatwave on the stocks. However, in 2012 there was a record-low recruitment abundance to 39% of the pre-heatwave abundance (Figure 8 and Table 1 ) and this appeared to be due to the heatwave causing the loss of seagrass/algal habitat in the nursery areas ( Conversely, there was a low recruitment abundance of western king prawns (Penaeus latisulcatus) in the surveys of MarchApril 2011 in Exmouth Gulf suggesting that the heatwave had a direct effect on recruitment (Figure 8) . Caputi et al. (2016) showed that water temperature in November-December, during the juvenile phase prior to recruitment to the fishery, was negatively correlated to western king prawn recruitment in Exmouth Gulf (r = −0.62, p < 0.05). The extended period of below-average recruitment during 2014-2016 to 46% of the preheatwave abundance (Table 1) reflected the above-average SST experienced over this period and a modest improvement in the 2017 recruitment reflected the cooler SST (Figures 2, 8) .
In contrast to Exmouth Gulf, the western king prawn stock in Shark Bay achieved the highest recruitment abundance in 2011 after the heatwave at twice the average pre-heatwave abundance (Table 1 and Figure 9 ). This is reflected by the positive relationships between the recruitment of western king and also brown tiger prawns with SST during the larval/juvenile phase, November-April (r = 0.63, p = 0.02, and r = 0.83, p < 0.001, respectively, Caputi et al., 2016) . Similar positive relationships were previously identified for western king prawn catches (Caputi et al., 1996; Lenanton et al., 2009) . The recruitment for both species returned to historical levels during the years following the heatwave (Figure 9) . Caputi et al. (2016) noted that SST in Shark Bay is generally about 2-3 • C cooler than Exmouth Gulf. A comparison of the western king prawn recruitment abundance with SST during November-December in Shark Bay and Exmouth Gulf indicated that the 2011 heatwave resulted in SST in Shark Bay reaching 24.5 • C which resulted in the record-high recruitment abundance (Figure 10) . In Exmouth Gulf good recruitment abundances have historically been achieved when the SST was 23.5-24.5 • C in November-December, however, the heatwave resulted in SST reaching 27 • C resulting in below-average recruitment (Figure 10 ). This indicated that the increase in SST during the 2011 heatwave in Shark Bay boosted the SST in NovemberDecember to an optimal range of about 23.5-24.5 • C for the western king prawn. However, the increase in SST associated with the heatwave in Exmouth Gulf resulted in the SST moving well above the optimal range and hence a reduced recruitment abundance.
Western Rock Lobster
The western rock lobster (Panulirus cygnus) fishery operates on the lower west coast of WA and Kalbarri in the mid-west represents the northern part of the commercial fishery (Figure 3) . The stock assessment of this valuable fishery ($400 million) is supported by a long-term monitoring program that examines the stock abundance trend throughout its life cycle including the puerulus (post-larval) stage, undersize, legal size and spawning stock. The northern part of the stock in the Kalbarri region overlapped with the center of the heatwave event.
The puerulus settlement provides a reliable indicator of recruitment to the fishery 3-4 years later (de Lestang et al., 2009) . The settlement was below average for an extended period (2006/2007 to 2012/2013) (2014) has assessed the factors contributing to this low settlement period. This low settlement resulted in a decline in undersize abundance during 2011 and 2012 (Figure 11) . However, the abundance of undersize rock lobsters in Kalbarri has remained well below what would have been expected based on the puerulus settlement ( Figure 11A) . The abundance post heatwave in Kalbarri has been at 5-16% of the abundance prior to the heatwave and at about 14% of the predicted abundance based on the puerulus settlement (Table 1 and Figure 11A ). This indicated that the survival and growth of the juvenile lobsters may have been affected by the changes in the habitat and prey availability (Smale et al., 2017) so that rock lobsters may have been indirectly affected by the heatwave with no sign of recovery evident after 7 years. The trend in undersize abundance for Jurien, which is south of the peak heatwave area, showed that there was a decline in the undersize abundance during 2011 and 2012 as a result of very low settlement in 2008/2009 ( Figure 11B) . However, the undersize abundance has recovered and is similar to what was expected from the puerulus settlement after the heatwave.
DISCUSSION
Marine heatwaves have received increased attention in recent years (Hobday et al., 2016a) and under the present warming trend influenced by anthropogenic forcing, these extreme events are expected to become more common . Two features of many of these marine heatwave events are firstly the negative effect on the habitat structures (Wernberg et al., 2013; Johnson and Holbrook, 2014) with 58% loss of the main seagrass species in Shark Bay (Thomson et al., 2015) and approx. 1,000 km 2 lost or severely impacted (Arias-Ortiz et al., 2018) from a total of 4,000 km 2 of seagrasses. Secondly there is generally the negative impact on sessile or slow moving invertebrates (Garrabou et al., 2009; Mills et al., 2013; Di Lorenzo and Mantua, 2016; Oliver et al., 2017; Smale et al., 2019) . These features have also been prominent in the extreme 2011 Western Australian heatwave. Therefore, it was important to examine the rate of recovery of the invertebrate stocks affected and the reasons this varied between stocks. While there have been numerous studies on the marine heatwave impact on the marine ecosystem, there have been few studies of their overall effect on the commercial fisheries stocks. Fisheries provide an opportunity to assess the effect of an extreme event on interacting social-ecological systems (Pershing et al., 2015; Cavole et al., 2016) . As many fish stocks are monitored annually, they provide a good indicator on the relative effect of the heatwave compared to the historic variations experienced under typical environmental variability.
The effect of the marine heatwave on the ecosystem produced some short-term changes (fish kills, extension of tropical fish distributions), as well as some longer-term changes such as loss of kelp forests in mid-west (Wernberg et al., 2016) , loss of seagrass stocks in Shark Bay (Arias-Ortiz et al., 2018) , loss of macroinvertebrates in Kalbarri (Smale et al., 2017) and the presence of rabbit fish in Cockburn Sound (Lenanton et al., 2017) . As parts of the coastal ecosystem appear to have not recovered after 7 years and may have undergone a "permanent" change, the question remained as to whether some of the commercial invertebrate stocks negatively affected by the heatwave would ever recover to pre-heatwave levels given the very low abundance observed for some stocks in the years after the heatwave. The duration of the effect of the heatwave on the invertebrate stocks and the factors contributing to recovery periods have been summarized in Tables 1, 2 , respectively. This information provided a basis for assessing the different vulnerabilities of commercial invertebrate species to future heatwaves.
Short-Term Effects
There was an immediate short-term effect of localized fish kills of a number of fish and invertebrate species at the time of the peak heatwave (Pearce et al., 2011) that did not have a major effect on the stocks. The warmer temperatures appeared to have a shortterm beneficial effect for the recruitment of the two short-lived prawn species in Shark Bay (Figure 9) . The western king prawn stocks in Shark Bay, as well as the brown tiger prawn stocks, produced record-high recruitment in surveys after the heatwave.
Blue swimmer crabs occur over a wide latitudinal range (20-35 • S) along the WA coastline. A short-term moderate increase in catches was observed on the south coast of WA after the heatwave which typically only occur for about 2 years after any period of above-average water temperatures (Chandrapavan et al., 2018) . The cooler waters of this region represent the southern end of the crab's distribution. The blue swimmer crab fishery in Shark Bay (25-26 • S) in the late 2000s had the highest catch of any crab fishery in Australia and therefore appeared to be situated in an ideal environmental location. However, this crab stock was negatively affected by the heatwave which resulted in poor recruitment and a fishery closure for 18 months. The recovery of the Shark Bay crab stock was relatively fast as the spawning stock did not appear to have been affected to the point that it inhibited the recovery of the stock. The fishery re-opened in late 2013 based on a weight-of-evidence approach to the assessment of the stock that included the survey catch rate of legal-size crabs being above the limit reference point in the draft harvest strategy. The stock was considered recovered in 2017 as the survey catch rate was within the target reference range.
Longer-Term Effects
The period for the recovery of the scallop stocks was longer (3-5 years) than for Shark Bay crabs, even though both species have relatively short life cycles of 2-3 years. Scallops in Shark Bay (25-26 • S) and Abrolhos Islands (28-29 • S) have historically been documented as having a strong negative response to aboveaverage SST (Joll and Caputi, 1995; Lenanton et al., 2009 ) and these stocks occurred within the peak heatwave area. Therefore, it was expected that they would undergo a major decline in recruitment abundance (Figures 4, 5) . The series of low recruitment abundances resulted in the spawning stock being affected to the point that it impaired recruitment and this increased the time for recovery. The fisheries were closed for 3-5 years and the Denham Sound and Abrolhos Islands stocks are now assessed as recovered as the survey catch rates are above the proposed threshold reference levels and hence within the target area of the draft harvest strategy. Since reopening, the commercial catch from these stocks were commensurate to the pre-recruit survey abundance. However, the northern Shark Bay catch was well below expectation which indicates that this part of the fishery is not fully recovered at this stage. Scallop fisheries are widely known for their high variability in recruitment abundance with environmental factors often identified as influencing recruitment abundance (Hancock, 1973; Joll and Caputi, 1995) . The scallop stocks on the east coast of Australia have recently shown a major downturn with near record-low catches in 2014 and 2015 and a spawning biomass as low as 5-6% of the unfished level (Kangas and Zeller, 2018) . Environmental influences have been assessed as affecting this stock including water temperature. Management measures have been implemented to assist in recovery of the east coast stock but no recovery is evident to date. The Roe's abalone stock in the Perth metropolitan area (32 • S) is centrally located within its spatial distribution range (27-35 • S) and was the only stock outside the peak area of the warming event that experienced a marked negative effect. The stock is undergoing a relatively slow recovery as its spawning stock declined to record-low levels (Hart et al., 2018) . The fishery has undergone a major downturn for over 6 years, and while a complete closure of the fishery may have resulted in a faster recovery time, it was assessed that the stock could recover while operating at lower catch levels during this period of lower abundance. The juvenile 1 + recruitment improved in 2017 which provided an important indicator that the recovery of the stocks was underway. However, the recovery of the legal-size abundance may take longer as it is dependent on the juvenile abundance 4 years previously and the environmental conditions during the juvenile to legal-size phase. Declines in abalone stocks are common around the world as they are vulnerable to overfishing but stocks in Australia have generally fared better because of the management systems such as individual transferable quotas (ITQ) and responsive harvest strategies (Mayfield et al., 2012) .
Although the heatwave did not directly impact brown tiger prawns in Exmouth Gulf this stock took about 4 years to recover from lower recruitment levels as it was dependent on the rate of recovery of the inshore nursery habitat. This was similar to the previous experience of habitat destruction due to a cyclone in 1999 (Loneragan et al., 2013) . There was, however, no indication of the indirect effect on the habitat for western king prawns as the two species have different habitat preferences with juvenile western king prawns preferring a sandy/muddy habitat (Penn, 1984; Kangas and Jackson, 1998) .
No Recovery
The Roe's abalone stock in Kalbarri (27 • 40 S) is near the northern edge of its spatial distribution range in WA and located near the center of the warming event which peaked over 24-31 • S (Figure 1) and hence suffered over 99% mortality. The stock may prove to be an example of a "permanent change" as there appears no sign of recovery after 7 years. The natural abundance remains at very low levels and monitoring of the research translocation and restocking of juvenile abalone will continue to assess whether this is a viable approach to aid in the recovery. The effect on the abalone stocks reflected that observed by Smale et al. (2017) who demonstrated that the marine heatwave significantly altered the composition of the benthic macroinvertebrate assemblage on subtidal reefs in southwest Australia with the magnitude of the impact inversely related to latitude, i.e., the warmest locations were the hardest hit. The western rock lobster stocks in Kalbarri are also in the northern part of the commercial fishery and their undersize abundance also showed no signs of recovery. Plagányi et al. (2011) highlighted the importance of an adaptive management response that permits rapid response to short-term changes. Hobday et al. (2016b) demonstrated the value of seasonal climate forecasts that provided some insights into upcoming environmental conditions and improved decision making. They also noted that the effective use of these forecasts required responsive management with strategies that can be implemented on the basis of the forecasts. Similarly, Mills et al. (2017) developed a forecast system of the start of the period of high landings for the Maine lobster fishery. This was in response to disruption caused to fishery by the early onset of lobster landings, and subsequent price collapse, due to the effect the 2012 marine heatwave.
The early detection of the heatwave event in WA and the monitoring of the immediate effects on the ecosystem as well as a qualitative assessment of the likely impacts on the fisheries stocks (Pearce et al., 2011) provided the basis for early management intervention. This highlighted the value of integrated monitoring framework like that developed in Australia through the Integrated Marine Observing System (IMOS) 1 , to enable early detection of climate extreme events, particularly marine heatwaves. A key factor to enable fisheries to recover quickly after extreme events was the early detection of the effect of the heatwave on invertebrate stocks. This was achieved from pre-recruit surveys that are conducted annually on the key prawn, scallop, abalone, crab and western rock lobster stocks in WA that are reliable indicators of the future recruitment to the fishery and catches . These proved valuable in the early detection of the effect of the heatwave on the stocks which enabled early management intervention based on harvest strategies that were responsive to changes in abundance (Department of Fisheries, 2015) . The surveys have also been valuable in the early detection of the recovery that has allowed fishing to recommence as soon as the recovery was evident with catches increasing as the stocks moved to full recovery. This was particularly important for the fisheries that had been shut for 1.5 to 5 years. The lessons learnt here have wide application to other fisheries in other regions affected by extreme events and highlighted the valuable role fisheries monitoring and stock assessments and environmental monitoring can play in understanding the effect of extreme events on ecosystems. In particular, they highlight the importance of adopting fishery-independent surveys of prerecruit abundance of stocks to enable pro-active management response on changes in stock abundance as a result of climate change related extreme events.
Globally, 87% of currently occurring marine heatwaves can be attributed to global warming primarily driven by anthropogenic emissions of greenhouse gasses . Moreover, it is expected that with the continuing warming of the global ocean, the marine heatwave events will occur more often and be more intense under the future warm climate. Global model projections show that the current carbon emissions will result in an average increase in the probability of extreme marine heatwaves in the global ocean by a factor of 3 by the mid-century , which may significantly reduce the recovery time for the marine species after the impacts of a strong marine heatwave.
The 2011 WA marine heatwave was associated with a strong La Niña event in the Pacific . Future climate projections suggest that extreme La Niña events may become more frequent under a warm climate (Cai et al., 2015) . Thus, there may be increased likelihood of occurrences of extreme marine heatwaves off WA compared to the global average. In addition, occurrences of the marine heatwaves off the WA coast can also be triggered or amplified by the local air-sea coupling (Kataoka et al., 2014; Marshall et al., 2015) . Future expansion of the tropical warm pool along the WA coast may induce deep convection and enhance the air-sea coupling in the region (Doi et al., 2015) . Holbrook et al. (2019) identified important local processes and large scale climate modes that are associated with marine heatwave occurrences in their assessment of 22 case-study regions. Improved oceanographic monitoring and high resolution ocean-atmosphere coupled models are needed to capture the regional processes, to properly assess the marine heatwave risks off the WA coast, as these risks may be graver than the current climate model predictions.
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